The Neil Gehrels Swift Observatory carried out prompt searches for gravitational wave (GW) events detected by the LIGO/Virgo Collaboration (LVC) during the second observing run ("O2"). Swift performed extensive tiling of eight LVC triggers, two of which had very low false-alarm rates (GW 170814 and the epochal GW 170817), indicating a high confidence of being astrophysical in origin; the latter was the first GW event to have an electromagnetic counterpart detected. In this paper we describe the follow-up performed during O2 and the results of our searches. No GW electromagnetic counterparts were detected; this result is expected, as GW 170817 remained the only astrophysical event containing at least one neutron star after LVC's later retraction of some events. A number of X-ray sources were detected, with the majority of identified sources being active galactic nuclei. We discuss the detection rate of transient X-ray sources and their implications in the Corresponding author: N. J. Klingler njk5441@psu.edu arXiv:1909.11586v2 [astro-ph.HE] 11 Oct 2019 2 KLINGLER ET AL.
INTRODUCTION
In 2017, the Advanced Laser Interferometer Gravitationalwave Observatory (aLIGO; The LIGO Scientific Collaboration et al. 2015) and the Advanced Virgo detector (the Virgo Scientific Collaboration; Acernese et al. 2015) collectively carried out the second observing run ("O2") in search of gravitational wave (GW) events from 30 November 2016 to 25 August 2017. The GW triggers detected by the LIGO-Virgo Collaboration (LVC) were assigned parameters including a false alarm rate (FAR; characterizing the frequency at which noise with the same strength as the signal is expected to arise), whether the detected signal arose from a compact binary coalescence (CBC) or an unmodeled burst 1 , and (for CBC triggers) the estimated distance of the merger and the masses of the initial compact objects. Triggers with a FAR of less than one per month were announced to electromagnetic (EM) follow-up partners who had signed a memorandum of understanding with the LVC. O2 resulted in the detection of GW 170817, a binary neutron star (BNS) merger, which was the first GW event to have its electromagnetic counterpart (AT 2017gfo) detected (Abbott et al. 2017) . The results of both O1 and O2 are summarized in the Gravitational-Wave Transient Catalog of Compact Binary Mergers (GWTC-1; The LIGO Scientific Collaboration et al. 2018) .
In addition to GWs, electromagnetic radiation is expected to be produced in both binary neutron star (BNS) and neutron star black hole (NSBH) mergers, as was demonstrated in the case of GW 170817 (at least for the BNS case). If the Earth lies close to the axis of rotation of the compact objects (i.e., "on axis"), the prompt emission from the resulting relativistic jet is expected to be visible as a short gamma-ray burst (sGRB; see, e.g., Berger 2014 , D'Avanzo 2015 , and Beniamini et al. 2019 ). On longer timescales, the radioactive decay of heavy r-process nuclei can produce broadband EM radiation visible as a kilonova, regardless of the viewing angle (Eichler et al. 1989 , Li & Paczyński 1998 , Metzger et al. 2010 . Binary black hole (BBH) mergers are not typically 1 See https://www.ligo.org/science/GW-Burst.php expected to produce EM radiation (Kamble & Kaplan 2013) . However, it is theorized that under certain circumstances and with particular BH parameters (e.g., charged black holes, or if accreting or circumstellar material is present) BBH mergers may be able to produce EM radiation (see, e.g., Loeb 2016 , Perna et al. 2016 , Yamazaki et al. 2016 , Zhang 2016 , Liu et al. 2016 , though this has yet to be observationally verified. Thus, to further our understanding of the physics of compact binary mergers, it is necessary to search for and study the EM counterparts to merger events following the detection of their GWs.
The Neil Gehrels Swift Observatory
The Neil Gehrels Swift Observatory (Gehrels et al. 2004 ) is a multiwavelength space-based NASA observatory whose primary mission is to detect and study GRBs and their afterglows in (soft) γ-rays, X-rays, ultraviolet, and optical wavelengths. The Burst Alert Telescope (BAT; Barthelmy et al. 2005 ) is designed to detect GRBs in the 15-350 keV range using a coded aperture mask which covers a ∼2 sr field of view (FOV) . The X-ray Telescope (XRT; Burrows et al. 2005) is an imaging instrument operating in the 0.3-10 keV range, with a circular 23.6 -diameter FOV. The Ultraviolet/Optical Telescope (UVOT; Roming et al. 2005 ) covers the 1600-6240Å band with six filters, and the 1600-8000 A band with a white filter. Its FOV is square, with sides of ∼17 arcminutes. Upon detecting a GRB, the BAT obtains its position (usually to within an accuracy of 1-4 arcminutes), and the spacecraft autonomously slews to the GRB's position within minutes (if there are no observing constraints). The XRT and UVOT then observe the GRB afterglow and obtain arcsecond-scale localizations.
As mentioned by Evans et al. (2016c) , in an ideal scenario, the BAT would detect and localize the sGRB produced by a binary merger event independently of the detection of GW waves, promptly slew to the source, and detect the afterglow. However, GRBs are only seen if the Earth lies within the jet's opening angle 2, 3 The opening angles of GRB jets are not well measured. Their model-predicted values vary, with estimates currently placing the jet opening angle θ j ≈ 3 − 10 • , though some estimates are as high as θ j ≈ 20 • (see, e.g., Berger 2014 , Bloom et al. 2001 , and Berger et al. 2003 . For a randomized distribution of sGRB jet axis orientations, the opening angles of 3 • /10 • /20 • correspond to 0.034%/0.38%/1.5% of sGRBs occurring on-axis (i.e, that is the fraction of the sky that would be encircled by both jet and counter-jet for the above angles). Conversely, the gravitational waves emitted by merger events, though not isotropic, have a much weaker dependence on angle (the angular dependence is ∝ cos(θ/2)). Therefore, only a small fraction of detected BNS/NSBH merger events will produce sGRBs that are visible to Earth. Combined with the BAT's limited field of view (roughly 1/6 of the sky at any time), simultaneous LVC-BAT detections are expected to be uncommon.
In the event of a GW trigger, Swift can cover substantial portions of the GW error region with the XRT and UVOT in relatively short amounts of time (see Evans et al. 2016c for a discussion of the Swift follow-up to O1 triggers). Since the all-sky transient rate in X-rays (at Swift-XRT's sensitivity) is lower than that in the UV/optical bands (at UVOT's sensitivity; see, e.g., Kanner et al. 2013; Evans et al. 2016a) , and with the XRT's FOV being larger than UVOT's, Swift's XRT also plays an important role in the search for and identification of EM counterparts to GW events. Since sGRB afterglows are not the only type of X-ray transients, as we search large areas of the sky it is important to consider the possibility of coincidental detections of unrelated X-ray transients and to quantify the rates of unrelated source detections in GW follow-up searches. The goal of this paper is to investigate and report on the rate of X-ray transients detected by Swift during O2; in particular, in the context of those detectable during the exposure times and timescales of the Swift GW follow-up procedures.
The paper is structured as follows. In Section 2 we present an overview of the general observing strategy used, and information about the LVC GW triggers which we followed up. In Section 3 we describe the data analysis techniques and source detection/flagging algorithms used. In Section 4 we present the results of the searches and properties of the population of detected sources. In Section 5 we discuss the 2 The detection of prompt emission from sGRB 170817A by the Fermi-GBM and and INTEGRAL-SPI, despite being off-axis by ∼ 20 • (Ghirlanda et al. 2019) , adds complications to this assumption by suggesting that at least some GRB jets may be structured and may release fainter X-ray emission over a wider angle. The prompt emission of sGRB 170817 was not seen by the BAT as occurred outside the BAT's field of view at the time. 3 As well as GRB jet emission, there may also be more-isotropic X-ray emission (see, e.g., Sun et al. 2017). implications of our results in the context of Swift follow-up of GW triggers in the Advanced LIGO/Virgo O3 run.
SWIFT RESPONSE TO GW EVENTS

Follow-up Observing Strategy
The observing strategy employed in this campaign is the same as that which has been described in detail by Evans et al. (2016a,c) , so only a brief summary is provided here.
GW positional error regions can often encompass areas up to hundreds of deg 2 . Since the XRT field of view is only 23.6 in diameter, many pointings (tilings) are required to cover even a fraction of the higher-probability areas of the error region. In most cases covering the entire region within a reasonable time frame is not even feasible. CBCs are believed to occur in or near galaxies, (see, e.g., Fong et al. 2010; Tunnicliffe et al. 2014 ). Hence, a logical follow-up strategy is to convolve the LVC probability map and estimated distance of the triggers with the appropriate galaxy catalog (see Section 3.2 of Evans et al. 2016c and also Evans et al. 2019 for details) . This method reduces the area that needs to be observed for each trigger by focusing on fields containing known galaxies which are possible hosts to the merger event. We used two catalogs: the 2MASS Photometric Redshift Catalog (2MPZ; Bilicki et al. 2014 ) and the Gravitational Wave Galaxy Catalogue (GWGC; White et al. 2011) . For GW events where the mean estimated distance was ≤ 80 Mpc, we used the GWGC because it is more complete than 2MPZ in this regime 4 . For the more distant events, 2MPZ was used since is more complete. The selected galaxies (i.e., located within the LVC region and consistent with the estimated distance to the GW event) were then prioritized based on distance and luminosity (which is used as a proxy for mass), as the latter is expected to be an indicator of sGRB rate (see Fong et al. 2013) . When using the GWGC, galaxies were weighted by their B-band luminosity, and when using 2MPZ, the K-band was used (i.e., the native bands of the catalogs; the impact of this is investigated in Figure 7 of Evans et al. 2016c ). The (in)completeness of the catalogs are included in the convolution procedure (c.f. equations 5, 6, and 10 in the above paper). It is worth noting the caveat that there is a non-zero probability that the "correct" field will not be observed, due to the fact that we are not be able to cover anything near 100% of the GW probability region even after galaxy convolution. However, simulations by Evans et al. (2016a) show that the galaxy catalog convolution / targeted search method is more effective at detecting the EM counterpart before it fades than blindly searching the entire raw GW error region, which is far more time consuming.
The overall observing strategy was to carry out three phases of observations. First (phase 1), a series of short (60 s) exposures were taken covering as much of the galaxymap-convolved GW error region as possible. This phase was designed with the intention of detecting an on-axis sGRB afterglow, if present, and continued for ∼2 days. Next (phase 2), 2-3 days after the trigger, the GW error region was reobserved for 500 s per tile. These observations, which continued for up to 4 days, were optimized to search for the rising X-ray afterglow from an sGRB observed off-axis. Collectively, phases 1 and 2 are referred to as the "wide-area search" phase. Finally (phase 3), if no confirmed counterpart was found, any potentially interesting (i.e., unidentified) X-ray source was re-observed with exposures >1 ks. Any such source found to be fading was re-observed repeatedly over the following days until it could be confirmed to be the counterpart, or ruled out as such.
In reality, this program was not always followed completely. The prolonged period of many short-exposure observations was unlike any previous use of Swift, and so the number of fields observed for the first few triggers were reduced to allow us to verify that this observing mode did not pose a risk to the spacecraft, as the large number of slews carried out in such a short time period was unprecedented. Even once this had been confirmed, we only carried out all three phases fully in one case, that of G275697 (see Table 1 ). For the BBH triggers, where an EM counterpart is not expected, we only carried out phase 1. Phase 2 was carried out for all BNS triggers except G275404 (because trigger G275697 occured when phase 2 was due to start and we decided to prioritize the more-nearby event) and G298048 (GW 170817, for which the real counterpart was found and therefore phase 2 was unnecessary). For trigger G299232, only phases 1 and 2 we carried out. Additionally, we occasionally carried out targeted observations of potential counterparts reported in the GCN Circulars by other facilities.
Follow-up Criteria
GW trigger notices were issued by the LVC for any event with a FAR of < 1 per month. These trigger notices also included an estimated P NS , the probability that the event involved at least one neutron star. We evaluated each trigger (convolved the sky map, estimated distance, and appropriate galaxy catalogs) and assigned each a "P400" value, which is the fraction of the probability region contained within the 400 most probable XRT fields taken from the galaxy-convolved skymap that were not Sun- The decision tree was set the following way: Swift would follow-up an event only in the following cases:
• For burst (unmodeled) triggers:
• For CBC triggers:
• if P NS < 0.25 and P400 > 0.5
To test our follow-up response protocol, it was predetermined that the first two events in O2 would be followed up regardless of their qualifying criteria.
DATA ANALYSIS
The XRT data were automatically processed at the United Kingdom Swift Data Science Centre (UKSSDC) at the University of Leicester, using HEASOFT v6.22 and the latest CALDB available at the time of processing. Observation data were initially reprocessed using the XRTPIPELINE tool, which applied all necessary calibrations, filtering, and corrections 6 . Images and exposure maps of each observation were also created.
The basic steps of the XRT analysis of GW follow-up are as follows: (1) search for sources, (2) characterize sources, and (3) identify any potential counterparts to the GW trigger. Initial source detection was carried out during the wide-area search phase of the follow-up with the goal of finding sources of interest. The wide-area search phase includes the initial 60 s and 500 s exposures of each field. The source detection procedure is an iterative process which involves slidingcell source detection, background modeling, PSF-fitting, and a likelihood test to detect and localize the sources. This method was the same as that which has been used to produce the Swift X-Ray Point Source Catalog (1SXPS); it was described in detail by Evans et al. (2014) . The pipeline assigned each detected source a quality flag, which characterizes the probability of the source being a spurious detection. Sources flagged as "good" have a 0.3% or less chance of being spurious (or false positive; FP), "reasonable" sources have a 7% FP rate, and "poor" sources have up a 35% FP rate. Considering both "good" and "reasonable" sources together yields a 1% FP rate (as "good" sources are the most numerous), and all "good", "reasonable", and "poor" taken together result in an overall FP rate of roughly 10%. The detected sources are manually verified for spurious detections that can arise from optical loading, stray light, extended emission, and/or thermal noise (which can result from the XRT detector getting too hot).
As previously noted by Metzger & Berger (2012) , when following up on LVC triggers, the major challenge is not only detecting an EM candidate counterpart but also discerning which, among the many sources detected, if any, is the actual EM counterpart to the GW event. Evans et al. (2015) discussed two methods of discerning an X-ray GRB afterglow from unrelated sources on the basis of either brightness and/or fading behavior. A source can be a potential afterglow if it is bright enough that it should have been previously catalogued but has not been, in which case it has exhibited transient behavior. Additionally, sGRB X-ray afterglows fade on relatively short timescales, so a source may be a counterpart candidate even if it is below a catalog limit if it is fading rapidly. Therefore, the source characterization procedure is based off these considerations. The process accounted for the source brightness (in comparison to historical detections and flux limits), light curve behavior, and whether the source lies within 200 kpc (in projection) of a known galaxy (see Bulik et al. 1999 ) with distance consistent (at the 3-σ level) with the distance estimate along that line of sight from the GW data. The flux limits were compared with those from the ROSAT All Sky Survey (RASS; Voges et al. 1999 ) and, where observations existed, XMM-Newton observations (both pointed and slew surveys; Saxton et al. 2008 ) and the 1SXPS catalog (Evans et al. 2014) .
Each source was placed into one of four rankings (as defined by Evans et al. 2016b), described below in decreasing order of importance.
Of highest priority ("rank 1") are afterglow candidates. Sources given this designation were either: (1) uncatalogued and at least 5σ above the 3σ upper limit from the RASS or 1SXPS, or (2) a known X-ray source which is 5σ above its catalogued flux 7 . Afterglow candidates must also lie near (within 200 kpc in projection of) a known galaxy (assuming the source is at the distance of that galaxy).
Of subsequent importance are "interesting" sources ("rank 2"). These are either: (1) uncatalogued and: at least 3σ above the 3σ upper limit from the RASS/1SXPS or fading, or (2) known X-ray sources at least 3σ above their catalogued flux. Unlike afterglow candidates, an interesting source need not be near a known galaxy.
Next are uncatalogued X-ray sources ("rank 3"). These were objects which were not previously catalogued in X- 7 The historical count-rate/upper limits for both criteria were not derived from XRT data; they have been converted to equivalent XRT (PC mode) 0.3-10 keV count rates using PIMMS (Portable Interactive Multi-Mission Simulator), assuming a typical AGN spectrum (absorbing Hydrogen column density N H = 3 × 10 20 cm −2 , and photon index Γ = 1.7). The peak source fluxes were also obtained by converting from the peak count rates when assuming a typical AGN spectrum with the above-mentioned parameters. rays, but also meet none of the above criteria to differentiate them from field sources unrelated to a GW trigger.
Of least interest are known X-ray sources ("rank 4"). This category includes objects which have been detected in X-rays before, and have a flux consistent with or below that from the previous observations. No further follow-up action is taken for these sources.
If a rank 1 source were detected at any point, the seach would have been interrupted so the rank 1 source could be reobserved immediately. If the rank 1 source were determined not to be the afterglow, the search would be resumed. After the initial 60 and 500 s observations were completed, deeper follow-up observations were carried out ("phase 3"). Rank 2 sources were re-observed with deeper exposures ∼ 5 − 6 ks. If no afterglow has been found at this point, rank 3 sources are then re-observed with 1 ks observations. Some selected fields and/or sources were followed-up for longer periods (> 10 ks) due to target of opportunity (ToO) requests submitted by members of the astrophysical community. Phases 1-3 were only carried out in full for one trigger (G275697; see below).
RESULTS
Follow-up Summary
During O2, Swift carried out a follow-up search of 7 CBC triggers (all of which had estimated distances d est < 1 Gpc), and 1 unmodeled burst. In total, 3998 XRT fields were observed, covering an area of 449.3 deg 2 (accounting for overlapping regions in XRT tilings; see, e.g., Figure 1 of Evans et al. 2015) in 863 ks of observation time. A brief summary of the LVC O2 triggers and Swift follow-up searches is presented in Table 1 .
It is worth noting that LVC trigger G275697 was subsequently retracted. Thus, the follow-up searches for this trigger are unique in that it is the only trigger for which we can be certain that we did not detect any counterpart (or that there was no counterpart to detect), since no actual astrophysical event took place.
LVC trigger G288732 did not meet our trigger criteria, however, a Target of Opportunity (ToO) request to observe a transient Fermi-LAT source spatially consistent with the GW error region was submitted, so Swift-XRT and UVOT began observing at 2017 June 08 at 19:27:20 (17.4 hr after the GW trigger). A four-point tiling was selected to cover the Fermi-LAT error region. The observations continued for 29 ks, until 2017 June 09 at 03:34:21, and gathered 9 ks of observation data.
Swift also followed up LVC trigger G298048. This trigger was a binary neutron star trigger, the famous GW 170817. No early X-ray emission was detected, however, due to the detection of the optical transient AT2017gfo (the first detection of an electromagnetic counterpart to a GW event), it was dest is the estimated distance to the GW event in Mpc. PNS is the probability that the event included at least one neutron star, for CBC triggers; "(b)" denotes that an event was a burst GW event, in which case (since little is known about their origin) the probability they involve a neutron star can not be determined. The delay is the interval between the GW trigger time and the time at which the first follow-up observation began. The duration is the time from the start of the first observation with Swift-XRT to the end of the last one. Swift-XRT was not observing the GW region for the entirety of this time, so the total exposure is given in the subsequent column. The area listed is corrected for the overlaps between adjacent tiles. Praw is the fraction of the LVC skymap which was enclosed by XRT observations, and Pconv is the fraction of the galaxy-convolved skymap which was covered by XRT observations. NXRT is the number of sources detected by the XRT in each follow-up search (only phases 1 and 2), and Nuncat is the number (of NXRT) which are uncatalogued. † Trigger G275697 was retracted after the follow-up search was performed. Triggers G275404 and G299232 (although originally marked with PNS = 100%) were later determined not to be real astronomical events (see Abbott et al. 2019) . For completeness, it is also worth noting that there were two additional GW triggers which were only detected in post-O2 analyses, and consequently could not have been followed-up within a reasonable amount of time: GWs 170729 and 170818 (see The LIGO Scientific Collaboration et al. 2018 ).
subsequently found that this GRB was off-axis and the afterglow rose later (see, e.g., Haggard et al. 2017 , Margutti et al. 2017 , Margutti et al. 2018 , Troja et al. 2017 , Troja et al. 2018 ). This late-rising X-ray emission was not detected by the XRT, despite more than 50 ks of exposure time; contamination from the X-ray emitting host galaxy, combined with the relatively large PSF of XRT (9 half-energy width) made it impossible to make a solid detection of AT2017gfo (i.e., distinguish the source's emission from that of its host galaxy). More detailed descriptions of each trigger and follow-up searches are given in Appendix A.
Detected Sources
157 sources were detected in the wide-area search phase. Details for each source are listed in Table 2 (which can be found after the References section). 4 were flagged as "interesting" (rank 2). Among those, 3 were uncatalogued X-ray sources: all of which exhibited significant fading (4.1 < σ < 4.3), and only one of which was near 8 at least one galaxy (in this case, an AGN). Though the catalogued source did not exhibit any signs of fading, its peak flux had increased over its catalogued limit with a significance > 3σ. 51 sources were uncatalogued (rank 3; i.e., they were not previously detected in X-rays). 35 of these lacked any nearby known galaxies within the range of distances compatible with their related GW triggers (though this designation does not mean a source can not be associated with a galaxy at a distance less than or greater than its respective GW trigger). 10 rank 3 sources were (or are positionally coincident with known) galaxies (or AGN candidates). 8 rank 3 sources exhibited evidence of fading: 7 of these were of low significance (1.1 < σ < 1.7), and only 1 was of high significance (5.2σ).
102 sources detected were previously-catalogued X-ray (rank 4) sources. Of those, 41 were not located near any known galaxy that was consistent with the estimated distance of the GW trigger. 40 of the rank 4 sources were identified as (or are positionally coincident with known) galaxies (or AGN candidates). 8 sources exhibited slight evidence of fading (1.1 < σ < 1.4). Of the fading sources, 4 are AGNs (or AGN candidates), 1 is a star, 1 is an eclipsing binary, and the remaining 2 are unknown.
153 of the sources were of the "good" detection quality flag, and 4 were of the "reasonable" quality flag. Of the latter, 3 were rank 3 (and unidentified) sources, and 1 was a rank 4 (known X-ray) source.
DISCUSSION
What We Found
In Figure 1 we present a histogram of the peak fluxes of the detected sources (left panel) and a log N − log S plot (right panel). In Figure 2 we present a histogram of the peak fluxes, but separated by source rank (ranks 3 and 4 are shown; no rank 1 sources and only four rank 2 sources were detected). In Figure 3 we plot the peak fluxes of all sources versus the theoretical exposure time required to detect each source. From these, we can see that few sources with peak fluxes 6 × 10 −13 erg cm −2 s −1 were detected.
There are two sources which should have been detected in the initial 60 s exposures with ≈100% confidence, but weren't (those that are enclosed within the dashed pink region). If 90% confidence is considered (i.e., those slightly below the horizontal pink line), then there are a couple more sources of this type. This indicates that these sources have risen in brightness considerably between the initial exposure (phase 1; 60 s) and second deeper exposure (phase 2; 500 s) in timescales of < 5 days. These two prominent sources (i.e., within the pink region), 1SXPS J133553.6-341744 (trigger G298048, rank 4) and 3XMM J023819. 7-521132 (trigger G297595, rank 4) , are close to (< 5 from) , respectively, which are both Type 1 Seyfert galaxies (active galactic nuclei; AGN).
This has two implications. The first is that a "late" detection of a bright source can be an indicator of variability, and could be used to identify potential GW counterparts (i.e., sGRBs whose jets were initially not on-axis but which later widened). The second is that, the spacing of our 60 s and 500 s follow-up observations is consistent with the timescales of AGN variability, and that we are able to detect such behavior. Indeed, in X-rays, AGN are known to be able to vary down to timescales on the order of an hour (see, e.g., Middei et al. 2017 ). Since typically the area searched lies outside the Galactic plane (as sGRBs/GW events have an isotropic distribution in the sky), it is reasonable to assume that the majority of X-ray sources seen will be AGNs. More than half (7/10) of the catalogued X-ray sources detected in our follow-up exhibiting variability are identified as AGNs. The other three of the remaining catalogued and identified sources are stars (one of which is XMMSL1 J114247.5-354904, the counterpart to V* V752 Cen / HD 101799: an eclipsing binary with an 8-hour period; Sisteró & Castore de Sisteró 1974) . Thus, a point of consideration in future GW follow-up campaigns is that if a GW counterpart occurred in an X-ray-active galaxy, the automated source ranking system would classify it as a known source getting brighter. Since AGN commonly vary on timescales comparable to our follow-ups, differentiating between an AGN "hiccup" and a transient occurring in a galaxy with an active nucleus will be challenging.
About 13% ± 3% of the sources detected in the wide-area search phase (21/157) exhibited fading behavior with a significance ≥ 1σ. It is worth noting that, assuming Gaussian errors, we would expect 16% of constant sources to be identified as fading at a level ≥ 1σ; therefore, the observed fraction of fading sources is consistent with what is expected from a population of constant sources. Two uncatalogued sources with fluxes slightly above the RASS limit were detected. The flux and uncertainty of the first source (trigger G275697, rank 3), Swift J213954.9+444551.1, places it at 0.9σ above the RASS limit, however it exhibited fading behavior with 1.7σ. The second source (trigger G298048, rank 3), Swift J132507.3-323814.4, at 1.9σ above the RASS limit, is coincident with 2MASX J13250705-3238129 and the radio source VBM97 J1325-3238, which are coincident with the galaxy cluster Abell A3556, and thus this source is likely an AGN. Considering the 2 most significant rising sources (those above the pink line in Figure 3 ), the two above the RASS limit, and the catalogued interesting source, the fraction of sources exhibiting transient behavior in the wide-area search phase is 17% ± 3% (26/157).
Although Swift did not find any counterparts, except for trigger G298048 (GW 170817), Swift was not expected to find any, as none of the other triggers in O2 contained a BNS merger and as triggers G275404 and G299232 were subsequently determined not to be real (Abbott et al. 2019) , and as (for most triggers), only a small fraction of the probability regions were covered.
Looking Forward: What We Can Expect
Using the peak fluxes of all 157 sources detected and the XRT sensitivity curves (Figure 3) we can calculate the theoretical exposure times needed to detect each source at 50% and 90% confidence 9 , and from that, construct a cumulative distribution function (CDF) for the probability of detecting a source as a function of exposure 10 . We divide the CDF by the total area covered in the GW searches (449.3 deg 2 ), and scale it to the area covered by the XRT field of view (FOV; 0.1215 deg 2 ). In Figure 4 we plot this CDF, which shows the probability of detecting at least one source (per unit area corresponding to the XRT FOV) as a function of exposure time. After a 560 s exposure, the probabilities of detecting at least one source at 50% and 90% confidences in an XRT FOV are approximately 0.035 and 0.018, respectively. Therefore, given the low rate of serendipitous X-ray sources expected, the probability of the GW counterpart being blended with an unrelated source is low (assuming that the counterpart is not in an X-ray-active host).
Source Detection Rates
10 It is worth noting that the sensitiviy at short exposures may not extrapolate perfectly.
Trigger G275697 was notable in that it was the first trigger for which phase 1 was carried out in full (after which, it is worth noting, no negative effects on the spacecraft from the large number of slews were observed). It was also the only trigger for which phases 1, 2, and 3 were carried out in full. Lastly and of most importance, as this trigger was retracted, it is the only follow-up search for which we can be certain that there was no actual afterglow. Using this population of definitively-unrelated sources, we can place (crude) limits on the detection rates of serendipitous sources for each rank. We can expect rank 1 and 2 sources to be detected at a rate of < 0.0175 ± 0.0101 per deg 2 , rank 3 sources at a rate of 0.0936 ± 0.0234 per deg 2 , and rank 4 sources at a rate of 0.2280 ± 0.0365 per deg 2 . If we also consider triggers G297595 (LVC 170814) and G299232 (LVC 170825), the other two triggers for which phase 2 observations were carried out, we can refine out estimates as fol- Figure 3 . Plot of the peak fluxes of all sources versus the theoretical exposure time required to detect each source. The black solid/dashed lines represent the XRT sensitivity as a function of exposure time, at the 50%/90% confidence levels (from 1SXPS), respectively (note that the sensitivity "lines" are rather curves, since they are shown in log space). The plotted points represent the peak fluxes of each source (with their corresponding 1σ uncertainties; y-axis) versus the effective exposure time needed to detect a source at its flux. Sources which exhibited slight fading (1 < σ ≤ 2) are highlighted in orange, and sources which exhibited more significant fading (at least > 2σ) are highlighted in green (though these sources all have > 4σ significance). Some sources have exposures for detection > 560 s, which were found in the overlapping regions of adjacent tilings. The two sources fully enclosed within the dashed pink dashed lines are sources not detected in the initial 60 s exposures, but should have been had they been this bright (i.e., at their peak flux) when those observations were carried out. lows 11 : we can expect to detect rank 1 and 2 sources at a rate 11 We do not consider triggers for which only phase 1 (60 s) observations were carried out, as Swift-XRT can not reach fluxes below than the RASS limit in such short exposures, and therefore we do not expect to detect uncatalogued sources. of < 0.0127 ± 0.0064 per deg 2 , rank 3 sources at a rate of 0.1588 ± 0.0225 per deg 2 , and rank 4 sources at a rate of 0.2699 ± 0.0293 per deg 2 (assuming that none of the sources from triggers G297595 or G299232 were an actual counterpart).
Evaluation of Source Ranking Criteria
To investigate our efficacy in distinguishing an afterglow from unrelated X-ray sources (i.e., our ability to assign afterglows rank 1 or 2), we performed a simulation of afterglows and ran those with fluxes above our detection limits through our source ranking algorithm. We used afterglowpy 12 (Ryan et al. 2019 ), a Python module that produces GRB light curves using the models of van Eerten et al. (2010) and van Eerten (2018), to simulate 10,000 sGRB events.
For all simulations, we used the typically-assumed electron thermal energy fraction e = 0.1 (which is consistent with recent observational results; see, e.g, Beniamini & van der Horst 2017) and d = 120 Mpc (the expected average distance of BNS mergers in O3). For the other parameters, we used the values obtained from X-ray observations of sGRBs (and those derived from observationally-determined parameters) from Fong et al. (2013) . We randomly selected electron SED slope p and jet energy E jet from the list of observed values (Table 3 of Fong et al. 2015) . For the circum-burst number density n we randomly selected a value between (0.6, 15) × 10 −3 cm −3 , which corresponds to the best-fit value for GW/GRB 170817 (a rather low value) and the upper range of values considered typical, and for B we selected a random value between 0.01 and 0.1 (thus sampling the range of typical values). For the off-axis (viewing) angle θ obs , we sampled from the expected distribution of off-angles detectable by LVC (see Equation 28 of Schutz 2011). For each simulated event, we calculated the 0.3-10 keV flux at two times corresponding to the typical elapsed times between the trigger, t 0 , and our phase 1 and phase 2 observations, t 1 , t 2 . For t 1 we picked a random time between t 0 + 1.5 hr (1.1 hr for the average time between ground station passes during which we can upload tiling plans, and 0.4 hr for roughly half of a Swift orbit) and t 0 + 1.5 d +1.5 hr (i.e., within the first half of phase 1; we assume the afterglow will lie in the higher-probability areas which we observe first). For t 2 we picked a random time between t 0 + 3 d +1.5 hr (the start of phase 2) and t 0 + 4 d +1.5 hr (the second day of phase 2). If the afterglow's flux at t 1 and/or t 2 reaches our detection thresholds for 80 s and/or 500 s tilings (the exposure times we will use in O3 follow-up; thresholds are 4.5 × 10 −12 and 8 × 10 −13 erg s −1 cm −2 , respectively), we simulated the observed XRT count rate in PIMMS using that sGRB's flux, power-law slope p, and an N H randomly-selected between 10 21 and 10 22 cm −2 (the approximate range of typical values; see Figure 7a of Evans et al. 2009 13 ). Our source ranking procedure (described above) takes into account the RASS upper limits, which can vary by RA/Dec, so we obtained a "typical" RASS upper limit by taking the average of limits at 3 high-probability regions of each LVC trigger we performed tilings for. We gathered these limits from the ESA Upper Limits Server 14 , and converted them into an 0.3-10 keV XRT count rate (we found the average value to be 0.023 ct s −1 ). We tested the above simulations with the option for jet spreading turned off (with initial Lorentz factor γ 0 = 1000, the recommended value) and turned on (with initial Lorentz factor γ 0 set to infinity, the default value), and our results were the same (suggesting that jet spreading does not have a noticeable effect on the observed fluxes over the elapsed times we used for t 1 and t 2 ). For the jet, we assumed a Gaussian structure with a wing truncation angle of 20.1 • (the default value), and re-performed the entire simula-13 see https://www.swift.ac.uk/xrt live cat/#figureDiv 14 http://xmmuls.esac.esa.int/upperlimitserver/ tion using each of the following opening angles θ j : 5 • , 10 • , and 20 • (since this not-well-known parameter has the greatest effect in determining the determining the detectability of afterglows).
For θ j = 5 • (in which case 0.095% of GRBs will occur on-axis), we found that 226 afterglows (2.3%) would be detectable (assuming the field they are located in is observed;) and that 43% of the detectable afterglows (AGs) would never exceeded rank 3 (i.e., they were classified as rank 3 in both phases 1 and 2). Among the 226, 120 AGs were detectable in both phases, 47 AGs in only phase 1, and 59 AGs in only phase 2. For θ j = 10 • (in which case 0.38% of GRBs will occur on-axis), we found that 583 AGs (5.8%) would be detectable, and that 40% would never exceeded rank 3. Among the 583, 398 AGs were detectable in both phases, 77 AGs in only phase 1, and 108 in only phase 2. For θ j = 20 • (in which case 1.5% of GRBs will occur on-axis), we found that 1399 afterglows (14%) would be detectable, and that 30% would never exceed rank 3. Among the 1399, 1030 AGs were detectable in both phases, 201 in only phase 1, and 168 in only phase 2. We also found that very few of the detectable AGs will exhibit fading with a significance below 1σ; for θ j = 2.5 • , 5 • , 10 • , the rates were 4.2%, 1.1%, and 0.3%. Although 16% of constant sources should be expected to exhibit fading with a significance σ ≥ 1 purely by chance (which is in agreement with the observed number of "fading" rank 3 sources: 8/51 = 16%), real AGs will almost always exhibit fading at this significance or higher across timescales corresponding to the spacing of our phase 1 and phase 2 observations. We will use this finding to prioritize phase 3 follow-up of sources with these characteristics.
Changes for O3
The lessons from O2 do not necessitate any major changes from the XRT perspective. To date, we have focused Swift follow-up on the XRT, but GW 170817 has shown that UVOT is a crucial discovery instrument (see Evans et al. 2017 ). However, a challenge can arise from the UVOT field of view being smaller than that of the XRT. To address this, for CBC triggers in O3, we have modified our target selection criteria. Now, fields are initially selected based on tiling the XRT (as it is not practical to tile the smaller UVOT), but any field which was selected because it contained a potential host galaxy can now be offset or split into multiple fields. This will ensure that the galaxy or galaxies in question fall entirely within the UVOT field of view. We have also made changes to the way in which selected fields are organized into an observing plan in order to achieve greater efficiency (in that less time is spent slewing) in the coverage of the LVC region.
As another minor change, the exposure time of phase 1 observations has been increased from 60 to 80 s. Postprocessing of the initial 60 s observations occasionally re-duces their effective exposes to less than 60 s (e.g., the removal of periods of high background), and/or exposures can also be shortened due to uncertainties in the estimated durations of slews. The extra allocated 20 s will guarantee that all initial exposures reach effective times of at least 60 s.
In regards to the evaluation of our source ranking criteria: although we will not be changing source ranking criteria, we will begin to include the significance of any fading behavior in detected sources in GCN notices. This will allow us to differentiate "interesting" rank 3 sources from the "uninteresting" ones, without lowering the threshold criteria for rank 2 sources. We would like to remind the astronomical community that real afterglows (at typical distances) have an estimated 30-40% of being assigned rank 3, and that in almost all cases we should be able to detect fading at at least 1σ significance. Therefore, fading rank 3 sources should not be neglected in potential multiwavelength follow-up, especially in the absence of higher-rank targets.
Lastly, in future searches we will be able to make use of an additional tool to detect an afterglow: the Swift Gravitational Wave Galaxy Survey (SGWGS). For this campaign, we selected the 20,000 most luminous galaxies in the GWGC (i.e., within 100 Mpc) and are seeking to observe each for at least 1 ks. The 20,000 galaxies chosen equate to roughly 50% of the total luminosity in the GWGC. This gives us beneficial preimaging information which will allow us to determine the number of pre-existing sources (which will make the identification of transients more reliable in those fields), and also will give us a set of reference images for calculating upper limits or performing UVOT difference imaging. This will also drastically reduce the number of uncatalogued X-ray and UV/optical sources which a potential afterglow might be miscategorized as. Currently, about 50% of the selected galaxies have been imaged. The details of the SGWGS will be discussed in a later publication (Tohuvavohu et al. in prep) .
SUMMARY
We reported on the follow-up searches carried out by the Neil Gehrels Swift Observatory for GW triggers in the second LVC observing run (O2) in 2017, and described the search strategy and source analysis methods employed. The Swift-XRT observed 3998 fields containing potential host galaxies to the GW events, covering a total of 449 deg 2 . We described the properties of the 157 (non-counterpart) X-ray sources detected, and the detection rates of sources of each rank. We found that 17% of the sources exhibited variability, with the majority (7/10) of identified variable sources being AGNs. Thus, we expect the rate of unrelated transients to be manageably low. We re-examined the Swift follow-up strategy and our source ranking criteria and discuss minor improvements to be implemented.
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